Interdisciplinary studies comparing fisheries-dependent regions across the North Atlantic find a number of broad patterns. Large ecological shifts, disastrous to historical fisheries, have resulted when unfavorable climatic events occur atop overfishing. The ''teleconnections'' linking fisheries crises across long distances include human technology and markets, as well as climate or migratory fish species. Overfishing and climate-driven changes have led to a shift downwards in trophic levels of fisheries takes in some ecosystems, from dominance by bony fish to crustaceans. Fishing societies adapt to new ecological conditions through social reorganization that have benefited some people and places, while leaving others behind. Characteristic patterns of demographic change are among the symptoms of such reorganization. These general observations emerge from a review of recent case studies of individual fishing communities, such as those conducted for the North Atlantic Arc research project. r
Introduction
When a fishery declines abruptly, we ask about the causes and impacts. Both have complex social dimensions. Overfishing, environmental variation, and species interactions are suspected as causes, and sometimes all are present at the scene of the crime. Disentangling their relative contributions presents an attractive study goal because the perceived cause will have implications for what the government responses should be, including future regulation and compensation for lost income. Overfishing implies that government or fishers, or both, are at fault.
Environmental variation or species interactions tend to be less socially threatening explanations than overfishing. Scientifically choosing between competing explanations proves difficult, however. When fishing spikes and environmental downturns occur close together in time, our datasets rarely provide information enough to discern their separate effects. Moreover, the real dynamics almost certainly are not linear or in just one direction. Fisheries affect fish populations in ways likely to increase their vulnerability to environmental variation-for example, by removing large, older fish that are individually and reproductively more robust (e.g., Haedrich and Barnes, 1997; Marteinsdottir and Thorarinsson, 1998) . Fisheries selectively thin out certain predators or prey, with effects that could ARTICLE IN PRESS www.elsevier.com/locate/dsr2 0967-0645/$ -see front matter r 2007 Elsevier Ltd. All rights reserved. doi:10.1016 All rights reserved. doi:10. /j.dsr2.2007 harm or benefit other species (or other life stages of the same species) throughout the food web, moving an ecosystem toward new and often simplified states (Pauly et al., 1998; Jackson et al., 2001; Myers and Worm, 2003; Rose, 2003) .
Just as fisheries impacts on marine ecosystems are confounded by environmental variation, so the impacts of fisheries events on society are confounded by other technological, cultural, political and economic forces. Careful analysis is required here as well. Interdisciplinary, comparative studies, with attention to the timing of environmental and social changes, prove helpful for understanding their interactions. In this paper, I begin by reviewing recent research on the complex changes taking place in fishing communities as they cope with shifting social and ocean environments. One such study was the North Atlantic Arc project (NAArc), which over 1996-2006 examined fishing communities in Newfoundland, Greenland, Iceland, the Faroe Islands and Norway. NAArc case studies assembled social chronologies from diverse sources such as participant interviews, written historical sources, and time series of social and demographic indicators. Social information then was studied alongside other data on fisheries catches, biological surveys, oceanography and climate, using time as the integrating dimension to highlight relationships between societal and environmental change.
Fishing communities in change
Pioneer sociologist Emile Durkheim's (1895) famous dictum that ''social facts can be explained only by other social facts'' appears particularly limiting if applied to fishing communities, where marine life and conditions constrain many aspects of social life. Studies of fisheries-dependent communities nevertheless sometimes start out from Durkheim's premise, and implicitly view the sea as constant. In the late 20th century a series of crises in major fisheries moved environmental variation back into social-science view, however. Recent studies reflect a sharpened awareness that resources, which have sustained fishing cultures for generations or centuries, are dynamic, in ways that both respond to and force change in social organization.
When resources decline, managers (often belatedly) take steps meant to reduce fishing pressure. Such management efforts filter how resource depletion is experienced by fisher folk, so the regulatory environment becomes a salient concern. Policies regarding economic development and subsidies also shape social realities. Jentoft (1993) wrote about the impacts of fisheries and economic policy on struggling Norwegian coastal communities. Looking at the Faroe Islands, Apostle et al. (2002) undertook a detailed examination of the social and economic history behind a late-1980s crisis, and the structural changes that occurred in its wake. They highlighted the subsidized overinvestment in fish catching and processing capacity that both allowed and economically compelled the depletion of local resources. In his comparative study of North Atlantic cod crises, Hannesson (1996) described how mismanagement and unfortunate economic choices proved costly for the fisheries of Norway, the Faroes and Newfoundland. He reviewed more hopefully the mixed results from Iceland's economic, social, and ecological experiment in using Individual Transferable Quotas (ITQs). Apostle et al. (1998) compared how regulatory regimes affected resources and economic development in fishing regions of Norway and Atlantic Canada. Two volumes edited by Symes (1998 Symes ( , 2000 explored economic and regulatory policies (including ITQs) together with their social consequences across fisheries-dependent regions of Europe.
Newfoundland's groundfish crisis cut deeper than most, making it a prime topic for research. The failure of foresight was spectacular. Palmer and Sinclair (1997) chronicled shifts in perceptions regarding Northern Gulf of St. Lawrence cod from the fishery's ''glory years, '' 1982-1987, to being an ''ecological disaster'' in 1990 , then ''on the road to recovery'' in 1992, and finally closed due to collapse in -1994 . Hamilton et al. (2004a noted that just a few statistical outliers, 1% of the data in the 1991 cod survey, produced a spike in abundance and biomass estimates. Finlayson (1994) dissected confusion regarding the state of Northern Cod stocks by taking a sociology-of-science perspective, showing how stock assessments were (mis)constructed by managers over the years. Harris (1998) detailed the political background behind pre-and post-crisis decisions. The fisheries failures hit hard on land, where outport culture and livelihoods had long centered around cod (e.g., Chantraine, 1993; Felt and Sinclair, 1995; Palmer and Sinclair, 1997;  for historical perspectives, also see Candow et al., 1997; Matthews, 1976; Sider, 1986; Sinclair, 1985 Sinclair, , 1988 . Two Canadian initiatives, the Eco-Research Project and its successor Coasts Under Stress, carried out interdisciplinary collaborative studies
on the precursors, nature and impacts of the fisheries disaster (Dolan et al., 2005; Ommer, 2002) .
The NAArc project likewise started from an interdisciplinary and comparative perspective, taking an informal but more quantitative approach to integration. Its basic approach involved: (1) conducting geographically focused case studies that drew quantitative and qualitative information from multiple disciplines, using time as the integrating dimension; and (2) stepping back to get an overview from similar case studies in different places, looking at their patterns in common.
For the case studies, time series of oceanographic, biological, fisheries, demographic and socialindicators data, together with qualitative material from historical and participant accounts, were used to construct stories of linked social and environmental changes around fishing communities. Fig. 1 illustrates the parallel time series approach, tracking some 20th-century changes relevant to the fate of two Icelandic fishing communities. The top series in Fig. 1 , salinity at 0-200 m along the Siglunes section north of Iceland (5-year means, based on data from Iceland's Marine Research Institute) marks a massive pulse of cold, relatively fresh Arctic surface water in the 1960s that brought ecological changes, which, coming atop overfishing, effectively ended Iceland's 20th-century herring adventure. Herring catches themselves show two peaks: a ragged but prolonged lower one in the 1930s and 1940s, marking a labor-intensive phase of the fishery and the heyday of North Iceland's ''Herring Capital,'' Siglufjo¨rjur; and a higher, sharper peak in the early 1960s, marking a more technological phase as shrinking stocks were pursued farther offshore out of east Iceland towns such as Neskaupstajur (data from ICES). The human populations of Siglufjo¨rjur and Neskaupstajur are graphed at bottom in Fig. 1 (data from Statistics Iceland). Siglufjo¨rjur peaked during the ''golden years'' of the herring fishery in the 1930s and 1940s. Neskaupstajur participated less in that phase but gained more from the 1960s terminal boom, and did not decline right afterwards because (unlike Siglufjo¨rjur) it was also a cod fishing port. The population changes in both places hint at broad shifts in social conditions. These stories are told with more detail in two NAArc project papers (Hamilton et al., 2004b (Hamilton et al., , 2006 .
Climate and ocean variations affected many historical fisheries (Beamish, 1995; Jakobsson et al., 1994; Laevastu, 1993) , and played roles in recent North Atlantic disasters (Drinkwater, 2002; Rose, 2003; Vilhja´lmsson, 1997) . Global climate change poses an obvious challenge for the future. Relevant studies include a sea-by-sea analysis by Vilhja´lmsson, Hoel and others for the Arctic Climate Impact Assessment (Vilhja´lmsson et al., 2005) , and also diverse edited volumes about climate-change impacts on pelagic fisheries and cod (being prepared by the ICES/GLOBEC Working Group on Cod and Climate Change). The anticipated consequences of climate change are more complicated than warming temperatures that could shift a species' range northwards. Other variables such as currents, stratification, seasonality, waves and storminess, which affect fish both directly and through species interactions, make prediction a daunting task. Fisheries pressure, too, can interact with climate-driven change, sometimes in unpleasant ways. On land, the consequences of climate change for fisheries-dependent societies will be even more contingent and complex. Some of the NAArc case studies provide rough empirical models for thinking about these human dimensions.
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Northwest Atlantic cod
During the last third of the 20th century, the Northern Atlantic experienced broad ecological changes, including the collapse of two of the richest fisheries on earth-northeast Atlantic herring (Clupea harengus) in the late 1960s, and northwest Atlantic cod (Gadus morhua) in the early 1990s. Relative abundance of many other marine species, both commercial and not, changed as well. Contemporary and serious but less terminal crises affected demersal fisheries off Iceland, the Faroe Islands and Norway.
Northwest Atlantic cod illustrate the negative synergy of environmental adversity coming atop overfishing. West Greenland stocks (first graph in Fig. 2) were reduced by peak overfishing in the early to mid-1960s. The fall after this peak coincided with the abrupt arrival in 1969-1970 of a pulse of cold, fresh Arctic water (see Fig. 1 ). Although warmer conditions eventually returned to West Greenland, they were punctuated by further episodes related to circulation changes and Greenland ice-sheet attrition (Belkin et al., 1998; Belkin, 2000) that created conditions off West Greenland periodically too cold for local spawning. Moreover, wind and North Atlantic Oscillation (NAO) related shifts in flow of the Irminger Current resulted in fewer cod being imported from Icelandic waters (Buch, 2000; Buch et al., 2003) . After a small terminal spike in fishing between 1988 and 1990 (mainly exploiting a 1984 cohort arriving from Iceland), Atlantic cod virtually disappeared from West Greenland. Several other demersal species had declined steeply as well (Ra¨tz, 1992 (Ra¨tz, , 1999 . After cod declined, northern shrimp 
(1998) description of ''fishing down food webs.'' An emerging shrimp fishery took the place of cod as Greenland's economic staple (Hamilton et al., , 2003 Rasmussen and Hamilton, 2001 ). The 1990s collapse of Newfoundland's cod fishery (second, third and a share of the fourth graph in Fig. 2 ) followed a similar pattern of overfishing compounded by adverse climate, near-disappearance of the dominant species, then a new ecological and economic prominence for crustaceans. Biological analyses point to overfishing, first by international fleets in the postwar years, then after 1977 mainly by Canadian vessels, as the primary cause of the cod collapse (Hutchings and Myers, 1995; Sinclair and Murawski, 1997) . Cod stocks eroded to historically low levels in the mid-1970s, and made no more than a partial recovery before the Canadian effort ramped up. Climate added to the resumed fisheries pressure in the late 1980s and early 1990s, when unusually cold, icy waters off east, north and northwest Newfoundland (Drinkwater, 2002) reflected some of the same NAO/circulation anomalies that beset the final years of Greenland's cod fishery. Cod abundance, size-at-age and catches all began falling after the mid-1980s peak in catches that Palmer and Sinclair's (1997) northwest Newfoundland fishermen described as their ''glory years.'' Newfoundland's collapse became official with moratoria on cod fishing in 1992 and 1994, after most of the fish were gone. Off Newfoundland as off Greenland, the collapse involved many species besides cod. Haddock, redfish, American plaice, yellowtail flounder and halibut all declined steeply (Sinclair and Murawski, 1997) . As continental shelf populations shrank, fishing effort moved into deeper waters, where slow-growing, late-maturing species from roundnose grenadier to spinytail skate proved vulnerable to rapid depletion (Devine et al., 2006) . Reductions occurred both with commercially sought species and others caught incidentally. Summarizing changes observed in abundance or distribution of snow crab, northern shrimp, capelin, mackerel, salmon, Arctic char, Arctic cod, American plaice, marine butterflies and even plankton, Rose (2003) noted that ''it is hard to find any aspect of the northern cod ecosystem that did not change in the late 1980s and early 1990s.'' Within a few years, snow crab (Chionoecetes opilio), lobster (Homarus americanus) and northern shrimp became dominant in the ecosystem and new staples of the reorganized fisheries (Hamilton and Butler, 2001; Hamilton et al., 2004a) .
Northeast Atlantic herring
A collapse of similarly great ecological and human scale occurred a few decades earlier in herring fisheries of the northeast Atlantic. Fig. 3 depicts catches of Norwegian spring-spawning herring, the main stock of the Atlanto-Scandian complex. This vast migratory resource had intermittently sup- 
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ported coastal fisheries off Norway for centuries, and played a major role in Iceland's 20th-century journey from poverty to independence and affluence. Intensified fishing effort drove international catches erratically upwards over the middle years of the century, until they reached a sharp unsustainable peak in the 1960s-much like the cod fisheries of Fig. 2 . The 1960s herring peak reflected capture efficiency, driven by technology and markets, rather than fish abundance-spawning stock biomass in fact had been declining since at least 1950, under heavy fishing pressure throughout the herring's life cycle and migratory range (ICES, 2001) . During the 1950s and early 1960s, herring became less available on traditional nearshore grounds. The rising catches were captured instead by an industrialized fishery that could pursue shrinking stocks farther out to sea. Unlike the cod fisheries, the 1960s herring-catch peak was followed immediately by a total collapse, as a large spike in fishing intensity coincided with the late-1960s arrival of cold, lowsalinity Arctic water on feeding grounds north of Iceland (Vilhja´lmsson, 1997) . Arctic ice and surface water, driven south through Fram Strait by strong NAO-associated winds, led to stratification that curtailed phytoplankton blooms, depriving zooplankton and hence the herring of food (Tho´rdardo´ttir, 1977; Á sttho´rsson et al., 1983; Gı´slason, 1995, 1998) . Herring catches fell two orders of magnitude, and did not begin to recover for more than two decades. Rising stocks of capelin (Mallotus villosus), and more recently crustaceans, eventually became a partial economic substitute for the absent herring, but the labor-intensive ''herring adventure'' was over, and former herring towns in Iceland and Norway, like the Newfoundland cod outports, suffered (Hamilton et al., 2004b (Hamilton et al., , 2006 .
Figs. 2 and 3 portray two great Atlantic disasters, involving unrelated fish stocks in different niches, ecosystems and decades, and on opposite sides of the ocean. They nevertheless have several patterns in common: (1) spikes of depletion by industrialized fishing fleets in the postwar years, leading to steep declines by the early 1970s; (2) complete, multidecade collapse when a fishing spike (in cod's case, the secondary 1980s peak) coincided with adverse, large-scale climatic events; and (3) ecosystem and hence fisheries reorganization, where small species expanded after larger fish, the main fisheries targets (and in the northwest Atlantic, both co-targeted and bystander species) declined.
Each fisheries story has unique details, down to communities and people. For example, the herring adventure unfolded quite differently for individual herring towns of north and east Iceland (such as Siglufjo¨rjur and Neskaupstajur, respectively, in Fig. 1 ; see Hamilton et al., 2006 ). Newfoundland's cod collapse had unequal effects for different generations, genders and families within towns (Hamilton and Duncan, 2000; Hamilton et al., 2004a ). The outlines above merely highlight broad patterns. Although related NAO/global climate events (including manifestations of increasing fresh-water export from the Arctic) appear in each of these stories, their other connection is human.
As one sign of these human connections, Fig. 4 depicts herring catches in the northwest Atlantic, off the US states of Massachusetts, New Hampshire and Maine. This plot displays the same technology and market-driven 1960s killer-spike pattern we saw in Figs. 2 and 3. As with the previous examples, the downturn deepened because catches fell less rapidly than stocks, leading to much higher mortality rates. Estimated biomass by the early 1980s stood around 5% of its 1965 level (Overholz, 2000) . The northwest Atlantic herring stocks did not crash completely, possibly because in the milder New England climate no comparably harsh environmental conditions compounded the overfishing. Even so, herring biomass did not regain its 1965 level until 1995.
Human populations respond to crisis
Fisheries declines threaten the income of fishers, processors and fisheries-dependent communities. Newfoundland's cod crisis, for example, reportedly cost 40,000 people their jobs (Harris, 1998) . Loss of fisheries income has secondary effects on the nonfishing economy, on government policies and, less obviously, across a range of social indicators such as migration, education, dependency and population age structures. Ecological changes at sea thus influence social-ecological changes on land. From the NAArc case studies, some general observations emerged about the human dimensions of ecological change.
Outmigration by young adults can happen rapidly, and change the places left behind. Net outmigration involving relatively mobile individuals-young adults, women, the most educated and skilled-has been observed in connection with recent fisheries troubles in Newfoundland, Greenland, Iceland, Norway and the Faroe Islands (e.g., Hamilton and Otterstad, 1998a; Hamilton and Butler, 2001; Hamilton et al., 2004a, c) . When fisheries decline, outmigration becomes one of the first options seen by individuals, or considered as a family strategy. At the same time, outmigration reduces options for the communities they leave behind. Migration affects most other social dimensions. The population contracts, turns older and sometimes becomes more male (Hamilton and Otterstad, 1998b; Hamilton et al., 2004c) . Median family size and birth rates decline, reflecting the departure of young adults and families as well as changing socioeconomic realities. Certain other indicators such as crime or divorce rates-classically viewed in social-impacts research as measures of distress-might actually improve as young people depart (Hamilton and Butler, 2001 ). Departure of educated (or college-bound) individuals diminishes a community's human capital, making successful economic diversification more difficult. The proportion depending on government tends to increase (Hamilton and Butler, 2001; Hamilton et al., 2004a) . Fig. 5 illustrates the population changes in Newfoundland's four most fisheries-dependent regions over 1966-2001. The 1992 Northern Cod moratorium is marked by a vertical line in each plot, following which population decline noticeably steepened. More gradual declines started earlier, during the second half of the 1980s-when cod catches leveled off as the resource was depleted (Haedrich and Hamilton, 2000; Hamilton et al., 2004a) . Roughly similar graphs, including the foreshadowing of pre-crisis declines, could be drawn for other Atlantic fishing regions (Hamilton and Haedrich, 1999) .
Uneven impacts of environmental change
Environmental change and the resulting social response tend to have heterogeneous effects, creating winners and losers on land. Traditional inshore fisheries are the first hurt by resource scarcity, as accessible stocks get depleted. Larger vessels ranging farther afield, or able to pursue different species, might still return high catches for a while even as stocks decline. Thus, fisheries troubles reinforce and hasten macro-social shifts from laborto capital-intensive production, and toward concentration of wealth. After a collapse, government relief programs often allocate support proportional to recent catches, which favors the higher-capital sector. New fisheries targets such as capelin or shrimp create fresh economic opportunities-but only for those who can make the investments, and gain the licenses, to harvest them. New fisheries do not necessarily support the same people and places as the old (e.g., Hamilton and Butler, 2001; Hamilton et al., 2003 Hamilton et al., , 2006 .
Even ecosystem-scale changes can have local variations that, interacting with social factors, lead to divergent outcomes among neighboring communities. Fig. 6 tracks changes in the landed values as biological communities shifted in Newfoundland's most fisheries-dependent regions. Historically, demersal species (most importantly, cod) comprised most of the value. Their landings, expressed as landed value in Fig. 6 , show general declines punctuated by sharp drops around 1992-1994, as the Northern Cod and other key fisheries closed down. After this collapse, two crustacean species became more important: snow crab and northern shrimp. These and some other invertebrates grew more abundant as predatory fish disappeared (for one analysis of the cod-shrimp correlation, see Lilly et al., 2000) . Around the same time that marine assemblages were shifting, there were also market changes (Apostle et al., 1998) . Shrimp, crab and other invertebrates increasingly brought high prices on the new global markets, buoyed by Japanese demand and inexpensive jet fuel. Together, the ecological and market shifts allowed Newfoundland's fishing industry to substitute invertebrates for the vanishing cod.
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The cod-to-crustaceans transition was roughly an even exchange for the economy of Newfoundland as a whole. But at smaller scales we see uneven effects. Landings value on the Northern Peninsula fell and then rose again, with large, although probably unsustainable, shrimp harvests in the Gulf of St. Lawrence and Labrador Sea. Notre Dame Bay landings value also increased, largely due to snow crab. South Coast and Burin Peninsula fisheries, which in the 1980s had total values similar to Notre Dame Bay, subsequently faced decline or stagnation.
One correlate of the cod-to-crustaceans transition in Fig. 6 has been a growing inequality between regions, and between communities within regions (Hamilton and Butler, 2001 , 1966-2001 . Note the individual y-axis scales. Updated from Hamilton and Butler (2001) .
different socioeconomic implications. Furthermore, snow crab, which recently surpassed shrimp as Newfoundland's most valuable landed product, also have a different social and economic profile than shrimp. Crab trapping requires less investment than shrimp trawling, and crab also tends to support more processing jobs on land. Economic diversification in general presents challenges in rural areas, where transportation to markets, human capital and production costs all could be problematic (Apostle et al., 1998) . Tourism has been viewed as ''Plan B'' by many struggling coastal communities, but the supply of tourists is no more certain than the supply of fish. Government subsidies and other new investments are important but not sufficient aids to diversification, and their delivery can be problematic itself (Apostle et al., 1998; House, 1999; Symes, 2000) . Unless favorable labor and market conditions exist, new investments might create no sustainable activity. Subsidies moreover get distributed unevenly through the political process, again creating winners and losers (Symes, 1998 (Symes, , 2000 . Some communities prove more cohesive, politically effective or entrepreneurial than others, which helps them adapt (Hamilton et al., 2004c) . Political aspects can be particularly important because, along with a changed marine environment, fisher folk must typically adapt to a more stringent, more dominant regulatory environment as well.
Conclusions
Interdisciplinary research can use time as an integrating dimension, tracking complex but interrelated changes occurring in marine and social environments. The interdisciplinary view has value because human activities appear both among the causes and consequences of some marine ecosystem shifts. In the second half of the 20th century two great fisheries, northwest Atlantic cod and northeast Atlantic herring, experienced disastrous failures through the combined effects of overfishing and oceanographic change. These disasters dramatized how social response, as expressed through fisheries activities, can worsen (or plausibly, could ameliorate) climate-driven ecological change. Social response to ecological change led to restructuring of communities on land, and accelerated trends towards more capitalintensive fishing and the concentration of wealth. These patterns, seen in many other fisheries as well, point the way towards more nuanced and realistic thinking about the human dimensions of future climatic and oceanographic change. They could also inform policy to maintain cultural, social and economic values, alongside ecological richness upon which the human systems depend.
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